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The vulnerability of marine ecosystems to ongoing 
anthropogenic pressures is well documented, as is the 
efficacy of marine protected areas (MPAs) for slowing such 
impacts (Roberts et al. 2017). For example, well-enforced 
no-take MPAs can contribute to increased abundance 
levels, mean sizes and diversity of focal species (Spalding 
et al. 2008; Kerwath et al. 2013), as well as to the resilience 
of ecosystems (Ling et al. 2009; Mellin et al. 2016). 
To date, most marine conservation efforts have relied 
on species-, habitat- or socioeconomic-based metrics 
to inform the size, design and geographic location of 
MPAs (Mouillot et al. 2011; D’Agata et al. 2014). Species 
richness and endemicity levels have been widely used as 
proxies for biodiversity, and most MPAs to date have been 
established to protect taxonomic diversity or conserve rare/
valuable species (Edgar et al. 2014; Selig et al. 2014). In 
particular, regions with high levels of endemism (endemic 
hotspots) have been pivotal in the establishment of MPAs, 
as endemic species are considered to be of greater 
extinction risk (Dulvy et al. 2014; Pimm et al. 2014; Selig 
et al. 2014). However, these metrics do not necessarily 
capture the sum of the many components of biodiversity 
and may fail to reflect unique evolutionary histories 
or ecosystem complexity (Winter et al. 2013; D’Agata 
et al. 2014; Wright et al. 2015). In particular, evolutionary 
diversity (phylogenetic diversity) and functional diversity, 
both important components recognised by the Convention 
on Biological Diversity (www.cbd.int), are often poorly 
accounted for in the management and conservation of 
biodiversity (Laikre et al. 2016; von der Heyden 2017).
Phylogenetic diversity (PD) and functional diversity (FD) 
are two vital metrics of biodiversity often overlooked in 
conservation planning. PD, defined as “the minimum total 
length of all phylogenetic branches required to span a given 
set of taxa on the phylogenetic tree” (Faith 1992, p 4), is a 
community-based metric that explains evolutionary history 
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contained and shared between communities (Winter et al. 
2013). This allows for the identification and preservation of 
genetically and evolutionarily unique areas (D’Agata et al. 
2014; Huang and Roy 2015). Similarly, FD, defined as the 
“total branch length of a functional dendrogram” (Petchey 
and Gaston 2002, p 404), can be interpreted as an indicator 
of ecosystem dynamics, productivity and stability, where 
communities with higher FD are expected to be more 
resilient to change and offer greater ecosystem services 
(Wiedmann et al. 2014). Recent studies suggest that a 
loss of PD and FD reduces the potential of communities to 
respond to changing environmental conditions, both in marine 
ecosystems (Mouillot et al. 2011) and terrestrial ecosystems 
(Cadotte et al. 2011; Flynn et al. 2011; Le Bagousse-Pinguet 
et al. 2019). Globally, there is little geographic overlap 
between species richness (SR) or endemism (ED) and other 
biodiversity components, such as FD and PD. This mismatch 
leaves large swathes of the global ocean underrepresented in 
conservation efforts (Lindegren et al. 2018).
The oceanographic systems off the South African coast 
are among the most diverse in the world (Taunton-Clark 
and Shannon 1988). Bounded by the cold Benguela Current 
in the west and the warm Agulhas Current in the east 
(Driver et al. 2012), the approximately 3 000-km coastline 
harbours a highly biodiverse environment, spanning from 
cold-temperate kelp communities to subtropical coral reefs 
(Griffiths et al. 2010). The degree of protection of South 
African marine biodiversity through an established MPA 
network differs between offshore and inshore environments, 
with the inshore environment historically having had a 
greater level of protection. Similarly, there is a strong 
gradient of protection, with the east coast having a larger 
protection footprint than the south and west coasts (Sink 
et al. 2019). This west–east ‘protection gradient’ is thought 
to reflect a general trend of species richness, as richness 
increases eastwards into the subtropical region of the 
Indian Ocean (Turpie et al. 2000; Driver et al. 2012). 
Several South African MPAs were implemented to 
protect important fishery resources (Mann et al. 2006), 
such as species of the family Sparidae. In South Africa, 
this family contains 24 genera and 41 species (Froese 
and Pauly 2016), 15 of which are in the near threatened or 
threatened categories of the IUCN Red List of Threatened 
Species (International Union for Conservation of Nature and 
Natural Resources, https://www.iucnredlist.org) (Comeros-
Raynal et al. 2016). Sparids occur along the entire South 
African coastline and represent a functionally diverse group. 
Species of this family are often slow-growing, late-maturing 
and display resident behaviour, making them exceptionally 
vulnerable to overfishing (Griffiths 2000; Comeros-Raynal 
et al. 2016). Years of intense harvesting have led to a 
significant decrease in abundance levels, with populations 
of many species now considered overexploited or collapsed 
(Mann 2013). Sparids are targeted by multiple users 
along the coastline, from commercial to recreational and 
small-scale fisheries. The combined fishing effort appears 
greatest off the southwest coast of South Africa, whereas 
recreational pressure tends to follow an increasing gradient 
from west to east (Majiedt et al. 2019).
Although several MPAs have been implemented to 
protect important sparid habitat (such as the Pondoland 
MPA: Mann et al. 2006), little is known regarding their 
effectiveness in protecting the different components of 
biodiversity of this species-rich taxonomic group. Here, 
we utilise a suite of biodiversity metrics for the Sparidae 
(including SR, ED, PD and FD), and map these for coastal 
South Africa. We identify similarities and differences in the 
distribution of these biodiversity metrics along the coast, 
allowing us to detect regions that capture functional, 
ecological, and evolutionary aspects of sparids. The results 
are then overlaid onto the current coastal MPA network to 
identify possible gaps in spatial protection of this unique 
marine fauna.
Methods
Data on spatial distribution of species were obtained 
from available literature (i.e. Smith and Heemstra 1999; 
Heemstra and Heemstra 2004; Branch et al. 2010; Mann 
2013; Froese and Pauly 2016). The coastline was gridded 
with a resolution of a quarter degree per cell (approximately 
25 × 27 km) in QGIS 2.10.1 (QGIS 2015). Each grid cell 
was used to build presence–absence matrices of species 
occurrence and the number of endemics (i.e. species 
found only along the South African coastline, and thus 
not shared with any other country). It should be noted that 
this is a broad generalisation and is likely to overestimate 
true distribution ranges by including areas where certain 
species are absent (e.g. rocky-reef species in sandy-bottom 
areas). However, given the resolution of the chosen grid 
and that juveniles and adults of some species tend to occur 
in different habitats (Smith and Heemstra 1999; Heemstra 
and Heemstra 2004; Branch et al. 2010; Mann 2013; 
Froese and Pauly 2016), we considered this to be the most 
comprehensive and conservative approach. 
SR was calculated as the total number of species 
per cell, while ED was calculated as the total number 
of South African endemic species per cell. To calculate 
PD as defined by Faith (1992), we amplified and 
sequenced a fragment of the cytochrome c oxidase 
subunit I gene (COI) from mitochondrial DNA (mtDNA), 
following the protocol of Ivanova et al. (2007), and also 
used sequences available in GenBank (Supplementary 
Table S1). In total, we obtained sequence data for 
40 of the 41 sparid species occurring in South Africa. 
Sequences were aligned in Geneious 9.0.5 (Kearse 
et al. 2012), and nucleotide substitution models were 
estimated in jModelTest (Posada 2008). Reconstruction of 
phylogenetic relationships was performed using ‘maximum 
likelihood’ in PhyML (Guindon et al. 2009). Branch support 
was assessed using the chi-square approximate likelihood 
ratio test (χ2–aLRT: Anisimova and Gascuel 2006). 
To estimate FD as defined by Petchey and Gaston 
(2002), we chose five main trait categories: (i) adult 
and juvenile habitat; (ii) biology and life history (e.g. 
movement, and length- and age-at-maturity); (iii) level 
of endemicity; (iv) feeding habits; and (v) IUCN threat 
level (Supplementary Tables S1 and S2), resulting in a 
matrix with 13 functional traits. While the IUCN Red List 
status is not a functional trait per se, it is essentially an 
estimate of population status and associated extinction 
risk for the species, being directly linked to their intrinsic 
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behavioural and life-history characteristics. Estimates of 
PD and FD were obtained per grid cell, in the R package 
‘picante’ 2.1 (Kembel et al. 2010), as the total branch 
lengths spanned by the phylogenetic tree (or functional 
dendrogram) including all species in a local community. 
All obtained metrics were categorised into three ranks to 
distinguish between low (0–40%), medium (41–75%) and 
high (76–100%) levels, and imported to QGIS 2.10.1 (QGIS 
2015). Each metric was mapped separately as well as in a 
comparative framework to investigate mismatches between 
metrics. To understand the strength of correlation between 
each of the maps, shapefiles were converted to rasters 
using the ‘rasterize’ function of the R package ‘raster’ 
(Hijmans et al. 2015) and correlations were calculated using 
the R function ‘cor’.
From a conservation perspective, regions where each 
biodiversity metric is maximised, and where these overlap, 
are of particular conservation importance (Margules and 
Pressey 2000). To plot this, we selected only the grid cells 
where the four metrics were classified as ‘high’ and overlaid 
these onto a map of the current coastal MPA network. 
This allowed us to identify regions of conservation interest 
and evaluate whether these are represented in the current 
network of MPAs. 
Results
Of the 41 sparid species found in South African waters, 15 
occur only there (excluding vagrants) and 14 are shared 
across the southern African region. SR differed along 
the coast, increasing from west (n = 6) to east (n = 35) 
(Figure 1a). Endemic species are concentrated off the south 
coast (n = 15) (Figure 1b). Reconstruction of the phylogenetic 
relationships based on COI retrieved a generally robust tree, 
although some terminal branches had support lower than 50% 
(Supplementary Figure S1). Spatial patterns of PD and FD 
were mainly identical, showing a west–east increase, starting 
from the southwest coast (Figure 1c–d).
The spatial comparison between SR, ED, PD and 
FD revealed differences among the geographic 
distributions of these metrics (Figure 2): the west coast 
was considered a coldspot for all metrics, as they were 
at their lowest in this region, whereas the south coast 
was identified as a hotspot for ED, and the east coast a 
hotspot for PD, FD and SR. Correlations show that FD, 
PD and SR are highly similar (>0.96), with ED being the 
most distinct (0.62–0.7).
When compared with the existing coastal MPA network, 
not all biodiversity components were protected equally, 
with hotspots of SR, FD and PD falling within more MPAs 
on the east coast (47 of 84 grid cells [56%]), compared 
with the area of high ED within the south coast (25 of 
68 grid cells [37%]) (Figure 1a–d). Interestingly, all four 
biodiversity metrics were at their highest on a stretch of 
coastline on the south to southeast coast, spanning the 
area from the Tsitsikamma MPA to the southern range 
of the Pondoland MPA (Figure 3). In this region, 14 of 
the 37 (38%) grid cells were represented by MPAs, 
although only 12 (32%) of the grid cells fell into MPAs 
with restricted no-take zones, where extractive activities 
are prohibited.
Figure 1: Spatial distribution of (a) species richness (SR), 
(b) endemism (ED), (c) phylogenetic diversity (PD), and 
(d) functional diversity (FD) metrics obtained for the Sparidae in 
South Africa. The current coastal marine protected areas in the 
region are shown in green. The colours of the grids reflect the rank 
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Discussion
The need to incorporate multiple measures of biodiversity 
when delineating conservation priorities has been discussed 
for more than 25 years (Faith 1992; Winter et al. 2013), 
and their importance is recognised by the Convention on 
Biological Diversity (www.cbd.int). Yet few applied examples 
exist from marine systems where molecular data have been 
utilised in addition to other conservation features (Mouillot 
et al. 2011; D’Agata et al. 2014; Parravicini et al. 2014; 
Huang and Roy 2015; Nielsen et al. 2017). As the loss of 
evolutionary diversity and functional complexity can occur at 
a faster pace than the decrease of SR (D’Agata et al. 2014), 
the PD and FD components of biodiversity are invaluable to 
conservation prioritisation (D’Agata et al. 2014; Huang and 
Roy 2015). Our study, on a commercially and biologically 
significant group of southern African fishes, adds to the 
growing body of evidence that suggests that using multiple 
metrics can highlight new areas for marine conservation 
planning, targeting all components of biodiversity. 
Biodiversity patterns of an iconic taxonomic group
By using South African sparids it was possible to observe 
mismatches between areas with different levels of SR, ED, 
PD and FD along the South African coastline. Endemism in 
particular stood out; whereas FD, PD and SR all followed 
a trend of increasing from west to east, ED did not. For 
endemic species, the south coast was identified as a 
hotspot, and therefore a high-priority conservation area. 
While this region recently gained additional area-protection 
with the declaration of the Addo Elephant National Park 
MPA and the Amathole Offshore MPA (RSA 2019), it 
has lost effective area-protection with the opening up of 
parts of the Dwesa-Cwebe MPA (Venter and Mann 2012) 
and the Tsitsikamma MPA to shore fishing (Lombard 
et al. 2020). The higher level of endemicity in this region 
coincides spatially with the region of confluence between 
two oceanographic regimes, the Benguela Current and 
Agulhas Current, which creates a highly heterogeneous 
marine system (Driver et al. 2012). Environmental variability 
has been linked to radiation events in marine systems 
(Bernardi 2013) and may thus be a dominant evolutionary 
force driving speciation rates within South African sparids. 
Similarly, the observed higher ED but lower PD and FD 
in this region is likely to reflect the fact that the 15 endemic 
species correspond to only 12 genera, which are found in 
the same superclade and are closely related in the functional 
dendrogram (see Supplementary Figures S1 and S2). 
Figure 2: Spatial comparisons between (a) phylogenetic diversity 
(PD), functional diversity (FD) and species richness (SR) vs 
endemism (ED), (b) SR vs FD and SR vs PD, and (c) PD vs FD. 
The current coastal marine protected areas in the region are 
shown in green. The colours of the grids reflect the rank of each 
comparison between biodiversity metrics across the region
Figure 3: Areas of highest spatial overlap (shown in blue) of 
maximum species richness, endemism, phylogenetic diversity and 
functional diversity. Current coastal marine protected areas in the 
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In general, there was a west–east increase of PD and FD, 
which was expected as these measures usually increase 
with the number of species (Winter et al. 2013; D’Agata 
et al. 2014; Pollock et al. 2015, but also see Forest et al. 
2007). However, there was a mismatch north of Cape 
Vidal, as the number of species decreased, but PD and FD 
remained at maximum level. This may be explained by the 
fact that only 26 of the 41 species are present in this area, 
but these are well distributed throughout the phylogenetic 
tree and the functional dendrogram (Supplementary Figures 
S1 and S2) and correspond to 15 genera: Acanthopagrus, 
Argyrops, Cheimerius, Chrysoblephus, Crenidens, 
Diplodus, Lithognathus, Pachymetopon, Pagellus, Petrus, 
Polyamblyodon, Polysteganus, Porcostoma, Rhabdosargus 
and Sarpa. Furthermore, this area constitutes a 
biogeographic boundary region for the majority of temperate 
species, with a change in community composition towards 
more tropical taxa (Sink et al. 2019).
Interestingly, the PD and FD metrics were mostly 
identical (Pearson’s r = 0.99), reflecting the complexity of 
life-history features in the group. Sparids are long-lived, 
have complex reproductive behaviours and migration 
patterns, and occur in a great variety of habitats. Although 
the relationship between PD and FD is not always clear, 
in this case it appears that PD is a valid surrogate for 
FD, as observed for other marine species (Mouillot et al. 
2011; D’Agata et al. 2014; Huang and Roy 2015). In a 
rapidly changing marine environment, where not every 
species can be protected, conservation decisions should 
incorporate the most representative metrics of biodiversity. 
Gathering the necessary biological information to estimate 
FD is time- and resource-consuming (Dalleau et al. 2010) in 
comparison with the effort required for PD. In fact, studies 
show that even incomplete phylogenies can provide robust 
conservation outcomes (Rodrigues et al. 2011). Therefore, 
PD is an effective and easy-to-use tool for conservation 
planning efforts, especially in marine systems, and should 
be further explored in a southern African context. Our 
findings are further corroborated by the observed spatial 
mismatch between the ED hotspot area (a metric generally 
used to represent uniqueness) and the regions with higher 
PD, suggesting that failure to target PD may lead to the loss 
of functionally and/or evolutionarily unique taxa (Scheffer 
et al. 2015). From a broader South African perspective, 
widening the use of PD to include more marine fishes would 
show similar patterns to the Sparidae as the South African 
fish fauna is dominated by Indo-Pacific species, with SR 
heavily skewed towards the east coast (Turpie et al. 2000). 
As such, we would expect higher levels of PD and FD along 
the eastern coastline, with exceptions for taxonomic groups 
with more unique distributions, such as the Clinidae, whose 
geographic centre lies around the southwestern Cape. We 
therefore recommend that future studies of PD, SR, ED and 
FD carefully consider their selection criteria to try and widen 
geographic coverage.
Aligning biodiversity components with the extant 
MPA network
Our results suggest that the established MPA network does 
not protect the full evolutionary and functional potential of 
this commercially important and highly diverse group. While 
the northern KwaZulu-Natal coast, an area characterised 
by high PD and FD, is well-protected, the south coast, an 
area with far fewer MPAs, requires additional protection 
to better represent endemic sparid species, especially 
since this area experiences the highest fishing pressures, 
both from commercial and recreational users (Majiedt 
et al. 2019). From a systematic-conservation-planning 
perspective, maximising the amount of biodiversity features 
captured in a limited amount of space is of particular 
importance. To this end, we identified parts of the southern 
and southeastern coastline, spanning approximately 
from the Tsitsikamma MPA to the southern Pondoland 
MPA (Figure 3). Interestingly, this aligns well with both 
biogeographic and phylogeographic boundaries (Teske et al. 
2011; Sink et al. 2012), suggesting that both historical and 
contemporary processes have shaped and continue to shape 
the evolutionary trajectories of coastal fish communities. 
This region not only bounds the transition zone between 
the warm-temperate and subtropical ecoregions, but also 
incorporates regions of persistence for rocky shores and 
estuarine species. For example, Toms et al. (2014) showed 
that rocky shores persisted in eastern Algoa Bay throughout 
75 000 years of sea-level change, and Phair et al. (2019) 
provided evidence for environmental stability in the region 
throughout the Last Glacial Maximum and Holocene. As 
such, it is not surprising that biodiversity measures such as 
SR and PD are maximised here, as these are likely a result 
of spatiotemporal stability and persistence of suitable habitat.
From a conservation perspective, although the southern 
and southeastern coastline is reasonably well covered 
by a number of coastal MPAs, they are all designed 
for multiple use with only parts zoned for no-take. One 
major recommendation from our work is that a greater 
area within this region needs to be zoned for no-take (i.e. 
closed to fishing activities) in order to protect sparids. 
Strengthening no-take area protection in the Tsitsikamma 
and Dwesa-Cwebe MPAs and expanding the extent of the 
Hluleka MPA, for example, would be important steps to 
take in this regard. In addition, MPAs provide opportunities 
for maintaining complex and functioning ecosystems 
(Heyns-Veale et al. 2019), which in turn will help promote 
recruitment and survival of juvenile stages, thus promoting 
overall resilience of sparids to future climatic changes. 
However, given the potential redistribution of marine fishes 
in South Africa owing to climate change (James et al. 2013; 
Potts et al. 2015), as well as globally (Morley et al. 2018), 
it is imperative that PD and endemicity are monitored on 
an ongoing basis. As species distributions potentially 
shift at different rates, novel combinations of functional 
traits and evolutionary diversities may emerge, which will 
be important to monitor to evaluate MPA effectiveness 
for adaptive management. This is likely to affect entire 
communities, so it is advisable that other functionally and 
phylogenetically diverse taxa be included in scenarios 
of planning and evaluating future protected areas. In 
particular, our results suggest that the current mismatch 
between protection measures and levels of endemism 
should be addressed, as endemic sparid species are more 
vulnerable to ongoing climate change in the region because 
of narrower distribution ranges and mainly sedentary 
life histories (Comeros-Raynal et al. 2016). Therefore, 
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increased protection should be enforced across the south 
coast of South Africa. Overall, our findings have important 
implications for future conservation-planning scenarios that 
also include considerations for anthropogenic and climate-
driven changes. 
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